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Physiol. 57(l): 52-58, 1984.-The Paz at which hemoglobin is 
half-saturated with O2 (P& at 37”C, PCO~ = 42 Torr, measured 
pH and 2,3-diphosphoglycerate-to-hemoglobin concentration 
ratio ([2,3-DPG]/[Hb]) 1 va ues., Hill’s coefficient (n) at rest, and 
maximal O2 consumption (Vozmax) were determined in 11 
world-class professional bicycle racers off-season (control, C), 
after 3 mo of 3 h daily training (preseason, PrS), and after 
additional 6 mo of competitions (competitive season, CoS). The 
results indicate that the PsO observed in trained athletes was 
the same as that of a comparable group of sedentary subjects 
(Sed) under the same conditions of pH, Pco~, and [2,3-DPG]/ 
[Hb] and was similar to that obtained after “normalization” in 
respect to pH and the [2,3-DPG]/[Hb]; [2,3-DPG]/[Hb] in- 
creased as a function of training from 0.72 to 0.95 (P < 0.001); 
the slope of the central portion of the O2 equilibrium curve 
(OEC) was nearly unaffected by endurance training as indi- 
cated by the n value (nc,s = 2.70 t 0.08; n&d = 2.65 t 0.08); 
and iT02max increased in the course of training 7 and 9% (P < 
O.OOl), respectively, when expressed in absolute units or per 
kilogram body weight. The \j~ 2max predicted on the basis of a 
computer simulation does not increase significantly as a con- 
sequence of the measured rise in [2,3-DPG]. Therefore, the 
observed increase of VO zrnax cannot be explained with adaptive 
changes of the OEC. The present results differ from previous 
findings reported in other types of athletes. 
Hill’s coefficient in endurance athletes; 2,3-diphosphoglycer- 
ate-to-hemoglobin concentration ratio; oxygen half-saturation 
pressure 
IN ORDINARY CONDITIONS the maximal aerobic power of 
humans appears to be primarily limited by the circulation 
(for a review, see Ref. 22) as opposed to ventilatory 
mechanics and pulmonary gas exchange (6) and tissue 
oxidative capacity (14). However, it is still controversial 
whether collateral factors such as change of the hemo- 
globin (Hb)-O2 affinity might be responsible for the fine 
tuning of the O2 transport system, particularly under 
heavy metabolic stress. In a survey of the literature, 
standard PsO (Pop at which Hb is half-saturated with 02) 
of trained subjects appears to be constant or slightly 
increased (3, 4, 20), whereas the concentration of 2,3- 
diphosphoglycerate (2,3-DPG) and [2,3-DPG]/[Hb] are 
generally higher compared with those of sedentary con- 
trol individuals (3, 21, 27). Moreover, a decrease of the 
Hb-O2 affinity has been recently claimed that cannot be 
explained by the influence of any known factor (4). In 
the above studies, subject characteristics, exercise mode 
intensity and duration, and training procedures are quite 
variable, so that a conclusive statement on the Hb-Oe 
affinity of highly trained individuals cannot be made. 
To gain insight into this aspect of blood 02 transport 
and, in particular, to quantitate the separate role of 2,3- 
DPG, measurements of PsO and its allosteric effecters 
(i.e., H+, Cog, and 2,3-DPG) were carried out in athletic 
subjects, whose O2 transport system should be optimized 
as a consequence of the prolonged exercise stress. The 
subjects for this study were 11. elite professional road 
bicycle racers, including the 1982 world champion and 3 
athletes who were within the first 7 classified at the 1980 
world championship. Bicyclists represent an unique 
group among endurance athletes because of their peculiar 
working schedule that includes up to 6 h daily exercise 
over several months. Their mixed venous blood Po2 is at 
20-25 Torr corresponding to 40-50% Hb-O2 saturation 
over long periods of time and thus their average Hb 
desaturation level is comparable to that of high-altitude 
natives or acclimatized lowlanders at -5,OOOm above sea 
level but with normal arterial saturation. 
Since the regulation of the OZ-carrying system may be 
different in these highly selected individuals compared 
with other endurance athletes and may vary as a function 
of time and cumulated exercise, a longitudinal study was 
carried out over a 9-mo training period aimed at describ- 
ing the characteristics and the adaptations of the Hb-02 
transport system as assessed from measurements of P50 
and of its regulators, following the evolution of the 
maximal aerobic power (Vozmax) over the training season, 
and identifying the factors responsible for the change of 
maximal aerobic performance. 
It will be seen that after training elite endurance 
athletes undergo a significant (30%) increase of [2,3- 
Dw/wbl accompanied by a slight nonsignificant in- 
crease of PsO and a significant (7%) increase of Vozmax. 
A computer simulation wherein [2,3-DPG]/[Hb] was 
taken as the independent variable (all other cofactors of 
Hb-0, being constant) indicates that this cofactor of Hb 
oxygenation is not responsible for the observed increase . 
of VOzmax with training. 
MATERIALS AND METHODS 
Eleven world-class professional male bicyclists, after 
giving their informed consent, participated in this study. 
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TABLE 1. Anthropometric and some rates, which were always found to be in the range 80-90 
hematologic data of subjects rpm. Gas exchange measurements were made by stand- 
ard open-circuit methods. 02 and COZ concentrations 
Level of 
Body 
Age, yr We, 
RBC, FM Hct, MCHC, were determined by a rapid oximeter (Beckman OM-11) 
Activity 
kg 
x106. /d--l g - dl-l % g . dl-l and an infrared COZ analyzer (Beckman LB-Z), respec- 
tively. Heart rate (HR) was recorded by cardiotacho- 
Athletes (N = 11) 
C 27.1 72.0 4.6 14.5 45.0 32.3 
t4.4 t6.0 to.2 to.7 +1.6 +1.2 
PrS 27.4 70.9 4.6 15.5 45.8 33.6 
t4.4 t6.5 to.2 to.7 +1.4 a.1 
cos 27.9 70.4 4.7 75.1 45.1 33.6 
t4.4 t7.0 to.2 A.1 22.4 t1.9 
Sedentary subjects (N = 20) 
Sed 31.1 69.9 4.6 15.5 45.0 34.5 
t6 so.1 to.3 kO.9 t1.8 to.7 
Values are means t SD. N, no. of subjects. Level of activity: C, off- 
season (control); PrS, preseason; CoS, competitive season; Sed, seden- 
tary. RBC, red blood cells; [Hb], hemoglobin concentration; Hct, hem- 
atocrit; MCHC, mean corpuscular Hb concentration. 
The subjects’ physical characteristics and hematologic 
data are shown in Table 1. Three series of measurements 
were carried out: 1) off-season (control, C), i.e., 3 mo 
after the last competition when physical activity con- 
sisted of only four 30-min sessions/wk; 2) after 3 mo of 
training (preseason, PrS) consisting in an average 4 h 
daily bicycling; and 3) after additional 6 mo of 6 h daily 
training or competitive racin .g (compe titive season, CoS), 
i.e., after a total of 9 mo of physical activity. It may be 
estimated that all subjects during the period preceding 
CoS had covered a distance of at least 40,000 km. To 
standardize methods and procedures, a group of 20 
sedentary nonsmoking male subjects (Sed) of the same 
age chosen among students and members of the depart- 
ment was also investigated. 
Hematologic measurements. All tests were carried out 
in the morning after a light breakfast. Blood samples 
were taken at rest from the antecubital vein about 30 
min after the subjects arrived at the laboratory. The 
blood samples were heparinized and stored at 0°C. Anal- 
yses were performed in duplicate within 6 h of sampling. 
the experimental data with the values observed in a 
Red blood cell (RBC) counts, [Hb], and hematocrit (Hct) 
were determined by standard laboratory procedures. Ex- 
reference sedentary population under the same condi- 
perimental PsO, pH, and [2,3-DPG] were determined after 
tions of Pco~, pH, and [2,3-DPG]/[Hb] following the 
25 min of tonometry at 37°C PCO~ = 42 Torr. The 
measurements were performed as described by Samaja 
et al. (24). Hill’s coefficient n was determined for five 
athletes and all sedentary subjects, measuring the O2 
saturation in the range 30-70% at four Po2 values. “Nor- 
malization” of the PsO values was performed comparing 
graph. Two submaximal work loads corresponding to 
estimated vo2 levels between 50 and 80% vozrnax were 
imposed on the athletes on both the bike and the tread- 
mill. VOzmax was then determi .ned during the perform - 
ante with supramaximal loads bY collection in two 180 
liter Tissot spirometers of the expired air between the 
4th and 5th and the 5th and 6th min, respectively, from 
exercise onset. 
Computer analysis. To quantify the effect of a [2,3- 
DPG]/[Hb] change per se on the O2 supply to the mus- 
cles, a computer simulation was carried out based on 
known [Hb], Vo2, and assumed gas pressure values of 
venous blood at rest and during maximal and supramax- 
imal exercise (17, 19). In the simulation, for which a 
computer (PDP/ll) program was worked out, the inde- 
pendent variable is [2,3-DPG]/[Hb], which ranges by 
preset steps from 0.5 to 1.5. For each run, a given value 
for one- ,leg ( \jo2 L) and pulmonary (vo,p> 02 uptake was 
chosen, together with appropriate values for arterial and 
venous blood gas pressures and for [Hb], and as a result 
a set of blood flow values was obtained reflecting the 
change of [2,3-DPG]/[Hb] and, as a consequence, Hb-0, 
affinity. A lower flow value, all other variables being 
constant, would be indicative of an improved O2 trans- 
port to the tissues. The actual data used for the simula- 
tion appear in the legend of Fig. 3. They were obtained 
as follows. For leg blood flow (&,) actual data from the 
literature (17, 19) were used up to a VO~L level of 1.17 la 
min-‘; for Tjo2L = 1.92 1. min-‘, POT, Pco~, and pH values 
were obtained by extrapolation. For the latter work load 
the simulation was also made for conditions of metabolic 
acidosis (base excess = -5 and -10 meq. l-l, at constant 
Pco~). For cardiac output (&co) actual data from the 
literature were adopted for Vo2p values up to 5.7 1. min-l 
(9, 19). 
Statis tics. Standard s tatistical procedures were 
adopted for the treatment of the results. Variance anal- 
ysis was performed to assess the effects of training on 
the investigated variables. When significant differences 
were found (as indicated by the F test), the comparison 
among means was made by the Newman-Keuls Q method 
(28). Comparison between C and Sed was made by the 
unpaired t test. The assumed significance level was P < 
0.05. 
procedure described by Samaja et al. (23). 
Metabolic measurements. Submaximal and maximal 
VO, measurements were carried out while subjects 
Hematologic data. The physical characteristics and the 
standard hematologic data (avg RBC, [Hb], and Hct) of 
RESULTS 
the athletes at the various training stages as well as the 
pedaled on a Monark (Varberg, Sweden) bicycle ergom- corresponding values for sedentary subjects are shown in 
eter customized with individual saddles and handlebars. Table 1. Mean values (&SD) of experimental PsO, [2,3- 
Similar measurements were also made for seven of the DPG]/[Hb], pH at PCO~ = 42 Torr and “normalized” PsO 
athletes performing on a treadmill. For the bicycle tests are shown in Table 2. In Fig. 1, A and B, individual 
the subjects were free to keep their spontaneous pedaling values of [2,3-DPG]/[Hb] and P50 are shown as a func- 
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tion of training and are compared with the average data different from the mean value (2.65 t 0.08) found for the 
of sedentary subjects. Sed subjects. 
Hill’s coefficient n determined on five athletes in CoS 
conditions was 2.70 t 0.08 (SD), i.e., not statistically 
With the exception of [2,3-DPG]/[Hb], which in- 
creased significantly (P < 0.001) with training, all other 
hematologic data were not significantly influenced either 
by the athletic condition or by heavy endurance training. 
[2,3-DPG]/[Hb] and [Hb] differ significantly (P < 0.005 
and P < 0.01, respectively) between athletes in C condi- 
tion and Sed subjects. 
TABLE 2. [2,3-DPG]/[Hb], pH, and Pso 
in athletes and sedentary subjects 
Level of W-DPG]/[Hb], 
Activity mol. mol-’ PH 
PsO, Ton 
Exptl 
Normal- 
ized 
C 
PrS 
cos 
Athletes 
0.72 t 0.03 7.40 t 0.02 27.0 t 0.8 26.6 
0.78 t 0.08 7.42 t 0.02 27.5 k 1.0 27.0 
0.95 t 0.07 7.39 rf: 0.02 27.8 I!I 1.6 28.9 
Sed 
Sedentary subjects 
0.85 t 0.05 7.40 t 0.02 27.5 I!I 0.9 28.0 
Values are means t SD determined from venous blood of resting 
subjects. See footnote to Table 1 for level of activity. [2,3-DPG]/[Hb], 
2,3-diphosphoglycerate-to-hemoglobin concentration ratio; PsO, PO:! at 
which Hb is half-saturated with O2 (exptl: PCO~ = 42 Torr; normalized: 
calculated on means). 
[2,3=DPG]/[Hb] 
(mol . mol3 0.9 
0.8 
0.7 
0.6 
30 
bo 
(Tom 29 
27 
Metabolic data. Table 3 summarizes the vozrnax, max- 
imal heart rate (HR,,,), and maximal expiratory venti- 
lation (VE,,,, i.e., i7E at VOW,,,) data recorded in the 
bicycle racers at the different stages of training as well 
as the corresponding data for Sed subjects. . 
Vozmax increased significantly (P < 0.001) as a function 
of training both in absolute units (7%) and when ex- 
pressed per kilogram body weight (9%) (see Fig. IC for 
individual values). VO~ max in CoS was about 60% higher 
than the average value found for the group of sedentary 
subjects. HR,,, was lower (P < 0.001) in C athletes (177 
t 8.7 beats. min-‘) than in Sed (192 t 6.2 beats l rein-1) 
and was not affected by training. i7E,,, was greater (P < 
0.001) in C athletes than in Sed (134 t 29 vs. 105 t 25 
1 1 I 
.B 
/ 
. I 
1 I C 
. vo 2max 69 ’ 
(1 - min”) 
5- ii-- -e-m-- 
----m--- ------------- __.__ --- -w 
--.-_. _ 
4- p_-_._p - -__. - - _ __ _ _ _ _ 
1 
L & I 3 0 1 ____ -I 3 9 
FIG. 1. Individual values of 2,3-diphospho- 
glycerate-to-hemoglobin concentration ratio 
([2,3-DPG]/[Hb], A), 02 half-saturation pres- 
sure (Pso, B), and maximal 02 consumption 
(Vo 2 max9 C) in 11 elite bicycle racers at 3 
different training levels. Dashed lines repre- 
sent means. C, off-season (control); PrS, pre- 
season; CoS, competitive season. Points on 
left (Sed) are mean values (&SD) for sedentary 
subjects. 
Sed C PrS cos 
Time (months) 
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TABLE 3. Metabolic data of athletes 
and sedentary subjects 
Level of 
Activity 
VO 2 max 
HRmax, VE max7 
1. mind1 
ml - kg-l - beats - mine1 1. min-’ 
min-l 
Athletes 
C 4.88 t 0.70 68.1 4: 10.3 177 t 8.7 134 I!z 29 
PrS 4.94 t 0.65 70.1 t 10.5 175 t 9.4 138 I!I 34 
cos 5.24 t 0.78 74.5 t 9.5 180 t 7.8 152 -t 30 
Sedentary subjects 
Sed 3.20 t 0.67 45.8 _t 8.3 192 I!I 6.2 105 t 25 
Values are means t SD. See footnote to Table 1 for level of activity. 
vo 2 max, maximal O2 consumption; HRmax, maximal heart rate; VEmax, 
maximal expiratory ventilation. 
1. min-‘) increasing with training (CoS) to 152 t 30 1. 
min-l (P < 0.001). 
At submaximal work loads (i.e., between 150 and 300 
W) a linear relationship between Voz and external power 
(W) was found in the athletes working on the bicycle, 
which for all training conditions is described by the 
following regression equation 
VO2 (ml. min-l) = 11.89 W + 840 (r = 0.957 
The calculated average efficiency q (i.e., Tiv/V02) 
0.24. The \jE vs. v02 relationship was essentially 
stant in the three experimental conditions. 
IXXXJSSION 
was 
con- 
Hematologic data and 02 equilibrium curve (‘OEC). [Hb] 
is significantly lower in C than in Sed (P < O.Ol), 
confirming previous observations by Brotherhood et al. 
(5) and Hunding et al. (16). RBC and Hct in the inves- 
t.igated group of bicycle racers were constant throughout 
the training period and did not differ from t,he values 
found in the sedentary control subjects. [2,3-DPG]/[Hb] 
increased 8 and 30% after 3 and 9 mo of training, 
respectively, in substantial agreement with previous 
studies in different types of athletes (3, 21., 27). Whether 
this change is the response to a decreased venous Hb 
saturation (8), as may be the case for chronic hypoxia 
(25), is still matter for investigation 
The slight increase of the observed PsO as a function 
of training is not statistically significant but agrees with 
increased [2,3-DPG]/[Hb]. The lack of a closer correla- 
tion between the two above variables may be attributed 
to the variability of the method for the assessment of 
PsO, which has a SD of to.33 Torr (24), the variability 
of the PtjO within the same individual (30), changes of the 
mean corpuscular Hb concentration [MCHC, see Table 
1 (10, 18)], and changes of other minor cofactors of Hb 
oxygenation, such as the concentration of various salts 
within the normal range. 
The small differences between experimental and nor- 
malized PsO values found in all subjects are within the 
range of error of the methods used. Therefore, no other 
cofactor of Hb oxygenation need be implicated besides 
H+, COz, and 2,3-DPG. This finding enables us to apply 
the analytical approach developed for a normal sedentary 
population by Winslow et al. (31) also to the trained 
cyclists. 
Metabolic data. World-class professional bicyclists ex- 
hibit the highest VO 2max values per kilogram body weight 
ever found in endurance-trained athletes (1). The \jo2max 
of the 1982 world champion (85.4 ml. kg-‘. min-‘) is the 
highest value ever recorded in our laboratory. This value 
is lower than that of an Olympic champion of the 15-km 
cross-country skiing race (94 ml l kg-‘. min-‘) reported 
by Astrand and Rodahl (1) but somewhat higher than 
that recorded in our laboratory for the bicycle racer 
Merckx (73 ml l kg-‘. min-‘) and the Olympic cross-coun- 
try skiing champion Nones (77 ml- kg-‘. min-l), respec- 
tively (personal observations). 
The use of the bicycle ergometer for the measurement . 
of V02max could be considered inadequate, since it was 
previously shown (2, 15) to underestimate by -10% 
comparative treadmill estimates. To check this particular 
point in bicycle racers, 7 of the 11 athletes under inves- 
tigation also performed a number of increasing loads on 
a treadmill up to V02max. The results of these experi- 
ments appear in Fig. 2 where the VE vs. \jo2 (A) and the 
HR vs. Tjo2 (B) relationships are plotted up to maximal 
loads. For given vo2 levels, both HR and VE values were 
higher in the treadmill than in the bicycle test. HR,,, 
values were 179 t 9 beats .min-’ on the bicycle and 184 
t 10 beatsmin-l on the treadmill. Correspondingly, 
\j02max values were 5.34 t 0.26 and 5.14 t 0.38 1. min-‘, 
respectively. Thus the measured TjOzmax of bicycle racers 
appears to be somewhat higher when assessed on the 
bike than when running, as previously found by Hagberg 
et al. (11). The difference (+3.4%), though small and not 
statistically significant, indicates that the Tj02 max values 
i 
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i/E 
(I.min-‘1 
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L4 /o o” 
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/ 
0 
0 
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HR 
(b.mln-‘1 
B 
/  0 
iJO2 (I mln-‘1 
FIG. 2. Expiratory ventilation (irE Brps, A) and heart rate (HR, 23) 
vs. O2 consumption (VOW) in 7 trained (CoS) elite bicycle racers per- 
forming increasing work loads on both a cycle ergometer and a tread- 
mill. FiZZed points (&SD) indicate mean values obtained during perform- 
ance of a supramaximal test. 
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obtained in the present study represent a real maximum. to deliver more O2 to the working muscles. Since the 
The efficiency value q of bicycle riding in laboratory analytical procedures for the assessment of the variables 
conditions was the same (0.24) in world-class athletes involved in the Hb-02 affinity are characterized by an 
and in the group of sedentary subjects who volunteered unavoidable scatter, a straightforward answer to the 
for this study, being equal to the value given by Astrand above question cannot be given on a strictly experimental 
and Rodahl (1). . 
vo 2 max measurements and their dependence on 02 af- 
finity of blood. 02 delivery to working muscles may be 
enhanced after several months of training either as a 
consequence of increased [2,3-DPG]/[Hb] (see Table 2) 
or as a consequence of increased regional or overall blood 
flow. Increased [2,3-DPG]/[Hb] leads to a shift of the 
OEC to the right, thus enabling Hb for a given Po2 level 
basis. Thus a computer simulation is proposed whereby 
[2,3-DPG]/[Hb] is taken as the independent variable, all 
other cofactors of Hb oxygenation being constant. The 
selected algorithm allows blood flow values (local QL, 
pulmonary Qco) to be established for given Vo2 levels. 
Changes of blood flow depend only on the changes of 
[2,3-DPG]/[Hb], whereas the P50 values are the calcu- 
lated ones that differ slightly from those measured ex- 
10.6 
A 
. 
b L 
BASE 
EXCESS 
(I- min”) (tiq .I-‘) 
I I 
. 
\A0 2P BASE EXCESS 
wnin-‘1 mEq I -‘I 
I I 
6.21 I I 
5.8 
0.86 
541 . 
0.8T 
[2,3- Dffi] 1 [Hb] 
(mol - m0l-l) 
FIG. 3. Computer simulation of leg blood flow (& A) and cardiac 
output (&co, B) changes as a function of 2,3-diphosphoglycerate-to- 
hemoglobin concentration ratio ([2,3-DPG]/[Hb], mol. mol-l). Each 
maximal O2 consumption (vo2) value for a single leg (VO& shown in 
A corresponds to pulmonary O2 uptake (VO& value indicated in B. 
Range of [2,3-DPG]/[Hb] marked with diagonal bars represents average 
[2,3- DPG] / [tib] 
(ml ’ mol-‘1 
increase observed with training in investigated subjects (see Table 2). 
Besides an [Hb] of 15 g.dl-l, a temperature of 37”C, constant arterial 
values for Pop (90 Torr), PCO~ (42 Torr), and base excess (BE) values 
of 0 (pH = 7.4), -5 (pH = 7.32), and -10 meq.l-’ (pH = 7.24), the 
following metabolic and venous values were used for the simulation: 
h, 
1 - min-l 
Venous Blood Mixed Venous Blood 
BE, h, BE, 
PO% PC% 
PH 
neq - 1-l 1. min-l PO% PC%, meq - 1-l 
Torr Torr Torr Torr PH 
A. Single-leg blood flow ((&,, 1. min- B. Cardiac output @CO, 1. min-‘) 
0.029 34 48 7.36 0 0.35 40 46 7.37 0 
0.86 18 62 7.30 0 2.50 24 57 7.33 0 
1.17 15 66 7.29 0 3.50 20 62 7.31 0 
1.92 7 72 7.20 0 5.70 13 66 7.29 0 
1.92 7 72 7.13 -5 5.70 13 66 7.19 -5 
1.92 7 72 7.07 -10 5.70 13 66 7.12 -10 
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perimentally for the reasons given above (see Hematolog- 
ical data and 02 equilibrium curves). In particular, a drop 
of flow for a given set of conditions identifies an increased 
Op supply to the tissues per unit volume of blood. 
From Fig. 3 it appears that when [2,3-DPG]/[Hb] 
increases from 0.72 to 0.95, calculated QL and &co in 
endurance athletes at metabolic levels around Tjozmax are 
essentially constant. The results of the simulation that 
support the present experimental data are at variance 
with the conclusion of Braumann et al. (4), who claim 
that “physical training leads to an alteration of the Hb- 
O2 affinity which is not explained by the influence of any 
known factor, resulting in an increased 02 extraction.” 
The hypothesis that an increase of [2,3-DPG]/[Hb] may 
raise the maximal delivery of 02 to the working muscles 
appears therefore to be disproved. On the other hand, at 
lower metabolic levels and particularly at rest, increased 
[2,3-DPG]/[Hb] appears to be associated with a decrease 
of both QL and &co. Correspondingly, for any given 
metabolic level, the same amount of 02 can be delivered 
to the tissues with less blood flow due to the rightward 
shift of the OEC with a proportional saving of myocardial 
work. This changing effect as a function of the metabolic 
level is the consequence of the peculiar shape of the OEC. 
In fact, at low PO:! values, a rightward shift of the OEC 
lowers 02 saturation markedly less than in the middle 
portion of the curve. This means that when venous Po2 
is very low such as during maximal work, an increase of 
[2,3-DPG] at constant arterial POT can be of little advan- 
tage or even negative, because the decreased arterial O2 
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